The thermal stability of nanocrystalline clusters, the phase evolution, and their effects on magnetic properties were studied for as-cast Nd 60 Al 10 Fe 20 Co 10 alloy using differential scanning calorimetry curves, x-ray diffraction patterns, scanning electron microscopy, and high-resolution transition electron microscopy. Thermomagnetic curves and hysteresis loops of the bulk metallic glass were measured during the annealing process. The high thermostability of the hard magnetic properties of the samples observed is attributed to the stability of the nanocrystalline clusters upon annealing, while the slight enhancement in the magnetization is due to the precipitation of some Nd-rich metastable phases. The mechanism of thermostability of the nanocrystalline clusters and the formation of the metastable phases are discussed.
BMG has shown high thermostability, good GFA, and, especially, higher coercivity [17, 18] . Previous work [10, 11] claims that nanocrystalline clusters existing in the amorphous matrix play an important role in the hard magnetic properties of these alloys. However, up to now, as the nanocrystalline clusters are not directly distinguishable in the x-ray diffraction (XRD) patterns and hard to investigate, the microstructure and magnetic thermostability of the alloy have not been intensively studied. In this work, we studied the microstructure and phase evolution upon annealing of an as-cast Nd 60 Al 10 Fe 20 Co 10 cylindrical sample. The stability of the nanocrystalline clusters and the phase evolution, as well as related changes in magnetic properties of the samples, are presented. The relations between the stability of the nanocrystalline clusters and the coercivity, precipitation of Nd-rich metastable phase, and saturation magnetization are discussed.
Ingots with a nominal composition of Nd 60 Al 10 Fe 20 Co 10 were prepared by arc melting of the elements Nd, Fe, Al, and Co with a purity of 99.9 at.% in a titanium-gettered Ar atmosphere. Cylinders 5 mm in diameter were prepared by suction casting under an argon atmosphere. The samples were taken from the central region of the cylinders and annealed in a furnace with a vacuum of 2.0 × 10 −3 Pa. The structure of the samples was characterized by means of XRD in a Philips diffractometer using Cu Kα radiation. Scanning electron microscopy (SEM) was performed on a HITACHI S-570 SEM. A vibrating sample magnetometer (VSM) was used for the magnetic measurements of the as-cast and annealed samples. DSC measurements were carried out under a purified argon flow in a Perkin-Elmer DSC-7 at a heating rate of 10 K min −1 . The thermomagnetic (M-T ) curves were obtained using a TA Instruments 2050 thermogravimetric analyser (TGA) under the influence of a permanent magnet. The sample was protected by purified nitrogen. The microstructural observation of the samples was carried out using a JEOL JEM-2010 high-resolution transmission electron microscope (HRTEM) with a Oxford LINK ISIS energy dispersive spectrometer (EDS). Figure 1 shows the DSC trace ( figure 1(a) ) and the magnetic thermogravimetry curve ( figure 1(b) ) under the influence of a permanent magnet for the as-cast Nd 60 Al 10 Fe 20 Co 10 BMG. Similarly to the findings for other BMGs, the typical sharp exothermic crystallization peak and endothermic melting peak are found in the DSC curve. In addition, there is a wide exothermic reaction peak ranging from 600 to 750 K, corresponding to a process of nucleation and growth, in the curve [12] . The magnetic thermogravimetry of the sample (i.e. magnetization of the sample) starts to increase gradually at about 650 K (much higher than the Curie temperature, as marked on the curve). This indicates that some magnetic phases precipitate from the amorphous matrix during the wide-peak exothermic reaction process. Figure 2 presents the XRD patterns of the as-cast sample and samples annealed at 523,623, 673, 723, and 793 K for 30 min. The scattering peaks in the XRD pattern of the as-cast sample (figure 2(a)) characterize the fully amorphous phase of the alloy within the XRD detection limit. Upon annealing at 523 K for 30 min, the XRD curve (figure 2(b)) does not show obvious change. Only some irregularities suggest that there might be some relaxed Nd-rich phases. The sample annealed at 623 K (figure 2(c)) exhibits clearly a few small peaks, which increase in intensity with annealing temperature from 623 to 723 K and disappear upon annealing at 793 K. This indicates the metastable precipitation of some crystalline phases. Meanwhile, there are some other stable crystalline phases coexisting with the metastable phases from 623 to 723 K (figure 2(c)-(e)), indicating that primary crystallization occurs within this temperature range. We could not identify the metastable and primary crystalline phases. Some of the reflections of these phases are in accordance with an unknown tetragonal phase reported previously [13] [14] [15] . The BMG fully crystallized upon annealing at 793 K, as shown in figure 2(f) .
The SEM images of the above samples shown in figure 3 are roughly in accordance with the XRD results. The as-cast sample shows a single amorphous phase and the nanocrystalline 
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under the influence of a permanent magnet clusters are invisible within the SEM detection limit. No obvious precipitated phase can be found in the samples annealed at 523 and 623 K for 30 min. A lot of secondary-phase particles, as shown in figure 3(a) , are found to distribute randomly in the matrix of the samples annealed at 723 K. These particles are the primary stable crystalline phase. The metastable phase reflected in the XRD patterns of the samples annealed at 623, 673, and 723 K is supposed to be present in too small an amount to be detected by SEM. The feature of equilibrium phases is shown in figure 3(b) . Figure 4 illustrates the local structure of the sample annealed at 673 K for 30 min observed by HRTEM. Two kinds of crystalline phase can be observed. In most areas, nanocrystalline clusters with size 3-10 nm are found embedded in the amorphous matrix, as shown in figure 4(a) . The crystal characters of these clusters are in accordance with those of the nanocrystalline clusters found in the as-cast rod. Furthermore, EDS results show that these clusters have a composition of about Nd 69 (Fe, Co) 31 , which is the same as the composition of the clusters in the as-cast rod [17] indicating that higher thermal stability of the nanocrystalline clusters in alloys. Meanwhile, some crystals different from above clusters are also found, as shown in figure 4(b) . EDS results indicate that the crystal has a composition of about Nd 91 (Fe, Co) 9 . This does not match the composition of either the Fe-rich or the Nd-rich
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Metastable phase Metastable phase Nd Nd 91 (Fe, Co) (Fe, Co) 9 Nd 69 (Fe,Co) 31 nano-crysta llites equilibrium phase in crystalline samples. These crystals could be the metastable phases appearing only in the temperature range from 623 to 723 K, according to the XRD patterns. Figure 5 (a) gives the hysteresis loops of the as-cast rod and samples annealed at different temperatures. The coercivities of the as-cast sample and the annealed samples are almost the same. But the magnetizations of these samples, as shown in figure 5(b) , increase gradually from about 623 K. It is noted that there is a similarity between this magnetization-temperature dependence curve and the magnetic thermogravimetry curve above 600 K (shown in figure 1(b) and figure 5(b) ). We infer that the increase of magnetization corresponds to the formation of the Nd-rich metastable phases, because some magnetic phases precipitate from the matrix when heated above 623 K and the crystalline sample containing equilibrium phases shows paramagnetic properties [18] . Earlier research on Zr-Ti-Cu-Ni-Be glass-forming alloy have found that the alloy would decompose into two amorphous phases near the calorimetric glass transition temperature to lower the free energy of the system [13] . The precipitation of the metastable phase and the primary crystallization in this BMG may also lower the free energy.
We attribute the coercivity of the samples to the presence of pre-existing nanocrystalline clusters in the BMGs. Previous work has observed that the coercivity is sensitive to the size and amount of these clusters [10, 16] . Schneider et al [10] have observed in situ formed finely dispersed nanocrystalline clusters of eutectic or near-eutectic composition in Nd 60 Fe 30 Al 10 glass-forming alloy and supposed that the structure observed might be related to phase separation in the undercooled liquid. Our recent results [17] (30 s −1 ) [20] with much lower coercivity than their bulk counterparts. The absence of earlystage crystallization in the DSC curves of as-cast Nd 60 Al 10 Fe 20 Co 10 bulk samples might be due to partial crystallization at the lower cooling rate. These partially crystallized phases are the nanocrystalline clusters in this work. Menushenkov et al [21] have reported that the Nd-Fe binary alloys with similar compositions of clusters are hard magnetic and have coercivities ranging from 320 to 360 kA m −1 , which is roughly equal to the value of the coercivity in the present work. Thus, the coercivity of the annealed samples depends on the existence and stability of nanocrystalline clusters. Compared with Nd 60 Fe 30 Al 10 bulk hard magnetic glass, Nd 60 Al 10 Fe 20 Co 10 BMG exhibits higher coercivity and lower magnetization. The addition of Co to Nd-Fe-Al alloy is supposed to be useful for the improvement of the GFA by causing a strong reduction of the melting temperature [14] . In our opinion, Co addition might also enhance the glass transition temperature of the alloys and simultaneously increase the content of partially crystallized phases (nanocrystalline clusters) with higher coercivity and lower magnetization than the amorphous matrix.
In summary, the nanocrystalline clusters which induce the hard magnetism of ascast Nd 60 Al 10 Fe 20 Co 10 BMG have high thermal stability upon annealing prior to main crystallization process. The high stability of the nanocrystalline clusters is deduced to be due to their eutectic or near-eutectic composition of about Nd 69 (Fe, Co) 31 
